The role played by ADP in modulating cross-bridge function has been difficult to study, as it is hard to buffer ADP concentration in skinned muscle preparations. To solve this, we used an analog of ADP, spin-labeled ADP (SL-ADP). SL-ADP binds tightly to myosin but is a very poor substrate for creatine kinase or pyruvate kinase. Thus, ATP can be regenerated allowing well-defined concentrations of both ATP and SL-ADP. We measured isometric ATPase rate and isometric tension as a function of both [SL-ADP], 0.1-2 mM, and [ATP], 0.05-0.5 mM, in skinned rabbit psoas muscle, simulating fresh or fatigued states. Saturating levels of SL-ADP increased isometric tension (by P'), the absolute value of P' being nearly constant, ~ 0.04 N.mm -2 , in variable ATP levels, pH 7.
INTRODUCTION
During skeletal muscle fatigue, several major mechanical and energetic changes take place. These include a decrease in the maximal tension (P 0 ), a slower maximal contraction velocity (V max ), a slower rate of relaxation (15, 16, 24) and a higher tension economy, i.e. more tension generated per ATP hydrolyzed (9, 10). A popular hypothesis is that many of these changes may be due to the effects of increased levels of specific metabolites, including ADP, on muscle cross-bridges. However, data to support this hypothesis have not been unambiguous, and many aspects of fatigue remain unexplained.
Studies of fatigue in vivo, are complex, because numerous metabolites change, making the correlation with the alterations of the properties of the muscle difficult to establish (for review see 12, 20) . To delineate the effects of a single metabolite, such as ADP, permeabilized isolated fibers have been studied in vitro (8, 13, 19, 23, 27, 30) .
Measurements made at 10-15 ºC suggested that the drop in tension is probably due to the lower pH and higher free inorganic phosphate concentration ([P i ]) observed during fatigue (5, 28, 31, 42) , but these effects are much reduced at more physiological isometric tension. Together these effects would increase the economy of contraction.
However, to date the observed effects of increased ADP on the tension and ATPase activity, although in the right direction, have been found to be too small to make a significant contribution (4, 8, 13, 29, 30, 40) .
In skinned muscle studies, an ATP regenerating system (with creatine kinase, CK or pyruvate kinase, PK) can be used to maintain ATP concentrations within the fiber.
However if one were to add additional ADP to a solution with an ATP regenerating system, it would quickly be phosphorylated to ATP leaving little time to observe the effects of increasing ADP on fiber mechanics. To circumvent this problem, investigators have used high concentrations of nucleotides in the absence of a regeneration system, and estimated intracellular concentrations by analyzing the diffusion of nucleotides (8) .
Photolysis of caged compounds has also been used for instantaneous generation of ADP (29) . Or, higher ADP concentrations have been generated by addition of extra creatine (Cr) to the bathing solution (4).
We have recently come up with one solution which facilitates the study of the effects of ADP in skinned muscle preparations, while controlling other nucleotide concentrations with a regeneration system. We have found that attachment of a spin label, to the 2' or 3' positions on the ribose of ATP, greatly inhibits interaction with CK or PK. This analog binds to myosin and to acto-myosin with an affinity that is equal to that of ADP (11) , and mechanical data presented here reconfirmed this conclusion. Thus we were able to use an ATP regenerating system to maintain a well-defined concentration of ATP within the fiber, avoiding the buildup of ADP from hydrolysis of ATP, and we could then measure the mechanical responses of the fiber over wide ranges of [ATP] and [SL-ADP] . We determined the effects of SL-ADP on ATPase activity and tension at varying concentrations of ATP, finding that SL-ADP changes ATPase activity and tension in a competitive manner. The cross-bridge interactions are also affected by lowering of pH and/or accumulation of P i , discussed above, and under such conditions, we hypothesized that the effects of SL-ADP may be different than those obtained at control conditions (i.e. high ATP, low, P i , pH 7).
The results can be explained by a simple model in which SL-ADP competes with ATP at the end of the power stroke. An adequate fit to the data required that crossbridges in force generating states were capable of rapid exchange with pre-power stroke cross-bridges. Thus the transition from pre-power stroke cross-bridges to force generating cross-bridges can be reversed by binding of SL-ADP, which occurs at the end of the power stroke.
METHODS
Fiber Mechanics. Rabbits (New Zealand White) were heavily sedated and euthanized according to the guidelines of the Institutional Animal Care and Use Committee for the University of California, San Francisco. Psoas fibers were harvested and chemically skinned as described previously (7) . For mechanical experiments, single fibers were dissected from a bundle of fibers on a cold stage whilst still immersed in the skinning solution. A single fiber was then mounted between a solid-state force transducer and a rapid motor for changing fiber length, as previously described (7), using Duco Cement (Dencon Consumer Products, Danvers, MA 01923, USA) diluted in acetone. The apparatus had two temperature-controlled wells and fibers could be rapidly switched between solutions. The fiber was then lowered into a relaxing solution, and fiber length and thickness were measured. The length of the unfixed portion of the fiber between the arms varied from 3 to 6 mm, fiber diameter ranged from 50 to 80 µm, and initial sarcomere length ranged from 2.2-2.4 µm.
A common protocol was to first immerse the fiber in a relaxing solution (well 1) and allow complete perfusion of CK and phosphocreatine (PCr) or PK and phosphoenol pyruvate (PEP) and nucleotides (approximately 3 min). The fiber was then switched to an activating solution in well 2, and mechanical measurements were made. Following measurements, the fiber was returned to well 1 and the solution in well 2 was replaced by the same fresh or another appropriate experimental buffer. Mechanical measurements were repeated and the fiber returned to the relaxing solution. The solution in well 2 was changed again and mechanical measurements were repeated for a last time under control conditions to determine stability of the fiber. A 10% decline in P 0 was set as our performance criterion. Damaged fibers were discarded. All fiber experiments were done at 10 °C in both wells and the bathing solutions were continuously stirred.
Solutions. The basic rigor buffers contained in mM: 120 potassium acetate (KAc), seconds of adding SL-ADP, the conversion rate was slow enough that negligible SL-ATP would be generated within the fiber. In addition, during the course of the experiments we discovered that SL-ADP was not phosphorylated by the PK-PEP system, within the accuracy of our measurements (again TLC, EPR and mechanical measurements). Thus we switched to the PK-PEP system, which gave identical results as the CK-PCr system, but allowed SL-ADP solutions to be used for a longer time.
ATP regeneration system. To verify the capability of 1 mg.ml -1 PK to maintain ATP concentration and eliminate ADP we measured force (n=6) at three conditions, in the presence of 150 µM ATP, 3 mM P i and 20 mM PEP, pH 7. We compared force generated with 1 mg.ml -1 PK vs. 2 mg.ml -1 PK, which gave forces of 0.093 ± 0.003 and 0.092 ±0.002 N.mm -2 respectively; we also compared force generated with 1 mg.ml -1 PK, and then with addition of 1mM ADP, which resulted in forces of 0.096 ± 0.003 and 0.094 ± 0.005 N.mm -2 respectively. In the latter comparison, a small drop in force was observed which was expected as the PK rapidly rephosphorylated the added ADP to ATP, thus making more ATP available to the fiber. We estimated internal [ADP] to be less than 25 µM based on a calculation of the production, consumption and diffusion of ADP following the equations of reference (8) . Thus in the experiments described here, competition from internally generated ADP is much less than from added SL-ADP.
Data reduction. Force data for each condition, in N.mm -2 , were averaged and expressed as mean (± SD), n = number of fibers used, when reported. In the case of parameters based on fits, the ± 95% confidence interval is given (i.e. when reporting inhibition or dissociation constants). Mean force data were fit assuming that the effect of SL-ADP could be expressed as a simple binding isotherm:
Where P SL-ADP is the tension as a function of [SL-ADP], P 0 is the maximum isometric tension in the absence of SL-ADP, P' is the increment in tension approached as SL- , and the amount of force generated by a cross-bridge in each one of these states.
The magnitudes of the relative forces generated by cross-bridges in states 2, 3 and 4
are not known. We assume here that the transitions between states 2, 3 and 4 do not change the conformation of the cross-bridge so that all these states generate the same force. Release of ADP from force generating cross-bridges does not change the strain on the cross-bridge, so that rigor states (state 4) maintain the same tension as states 2 or 3. However the effect of relaxing this assumption did not change the conclusions. At high levels of ATP the population of states 3 and 4 are small, and the fraction of force generating cross-bridges is given by the steady state distributions of states 1 and 2. For a 3-state model states 2 and 3 were combined. As we will discuss later, a 4-state model was more applicable ( . The assumption that 50% of the cross-bridges generate force is arbitrary, but the exact value is not crucial, and the data could be fit equally well assuming other values, e.g. 25%. In the simulations shown all four rate-constants were set to 3 s -1 .
However the conclusions were similar if they were varied between 1 and 10, keeping the flux through them at the assumed ATPase rate of 1 s -1 , using variable ratios of forward to backward rate constants to keep the flux constant.
The rate constant involving the binding of ATP was set by a fit to the ATPase activity. The rate constant k 41 involves the binding of ATP, and thus it depends directly on the concentration of ATP. 
RESULTS

SL-ADP Increases Isometric Tension.
In analyzing SL-ADP's effect on isometric tension, we activated a fiber and allowed it to rise to a stable peak force (P 0 ). We then added SL-ADP and allowed the tension increase to reach a stable value. A sample data set is presented in Figure 1 where we added 0.5 mM of SL-ADP to a fiber activated in 50 µM ATP. The fiber could then be returned to a bath that lacked SL-ADP and tension returned to control values, showing that the increase was reversible.
In Figure 2 we present the effect of adding 0.1 -2.0 mM SL-ADP to fibers at 50, Fig. 3 ). The near constant value of P' found as
[ATP] varied is not expected from simple models of cross-bridge action, which predict that the tension increase should be lower at lower [ATP] , where the initial tension is higher due to the presence of rigor cross-bridges.
The relationship between P 0 and P' is not linear. As noted above, increasing ATP lowered P 0 but not P', with the ratio P'/P 0 equal to 0.37, 0.41 and 0.62 for [ATP] of 50, 15 and 500 µM respectively. Increasing phosphate or decreasing pH from 7 to 6, decreased isometric tension production (Table 1) , as expected from previous reports.
For example, reduction in pH from 7 to 6 (3 mM P i ) produced a 67.5 ± 2.3 % force decline (or 0.060 ± 0.021 N.mm -2 , n=3). Addition of saturating SL-ADP gave a ratio of 1.37, which is greater than observed at 7. Addition of 54 mM P i also decreased P 0 and increased the ratio P'/ P 0 to 1.0.
The conditions of low pH and high P i employed in our study were intended to simulate the conditions found in muscle fibers during severe muscle fatigue, and thus are of interest in understanding the role of increased concentrations of SL-ADP (and thus ADP) in this state of the muscle. As can be seen in Table 1 and Figure 2 , SL-ADP produces the same absolute increase in tension at the lower pH as is seen at pH 7 (at 3 mM P i ). Thus SL-ADP produces a larger relative increase in tension at the lower pH. In contrast, the addition of SL-ADP to fibers incubated in high phosphate produces a smaller P' than is seen at lower concentrations of phosphate (Table 1 , Fig. 3 ). Although the change in P 0 was approximately the same for pH 6, 3 mM P i and for pH 7, 54 mM P i , the value of P' in the later case was less than half that in the former, see Table 1 .
The smaller value of P' found in the presence of high P i is also observed at pH 6. At both pH 7 and at 6 the inhibition of P 0 by P i tended to be greater than the inhibition of P'.
These data suggest that the inhibition in P 0 caused by P i is due to a different mechanism than inhibition in P 0 caused by H + accumulation.
Comparison with previous results. In a number of previous investigations the effect of ADP on fiber tension was measured by addition of relatively high, millimolar, concentrations of ADP to fibers activated in millimolar ATP (8, 13, 27, 29, 30, 40) .
These investigations have found that tension increases by about 10% on addition of 1 mM ADP to fibers activated in 3-5 mM ATP. To determine whether SL-ADP would have the same effect on tension as seen in these earlier studies, we added 1 mM SL-ADP or 1 mM ADP to fully activated fibers in 3 mM ATP and 3 mM P i , in the absence of an ATP regenerating system (pH 7, 10 o C). The average increase in tension was 12 ± 5% for SL-ADP or 10 ± 2.5% for ADP (n = 3). The value we obtain for ADP is similar to the results of previous investigations, and is similar to that of SL-ADP. The equivalence of the force increase found for SL-ADP and ADP further shows that the presence of the label on the ribose does not alter the binding of the analog to myosin in active fibers, as initially reported by Crowder and Cooke (11) in an EPR spectra analysis. Moreover, mant-ADP, a fluorescent analog that is similar in structure to SL-ADP also binds to myosin similarly to ADP (45).
SL-ADP Decreases Isometric ATPase activity. The effect of SL-ADP on the
ATPase activity was determined using myofibrils from psoas muscle. The myofibrils were first cross-linked lightly with gluteraldehyde to prevent shortening, so that they were a reasonable model of an isometric muscle fiber (22) . The ATPase activity was determined as a function of concentration for both ATP and SL-ADP. Our data showed that SL-ADP acted as a competitive inhibitor of the binding of the substrate ATP (Fig. 4 ). 
DISCUSSION
The main findings of the present study were that, SL-ADP increased isometric tension and decreased ATPase rate in skinned rabbit psoas muscle fibers. In current models of cross-bridge interaction, ATP is thought to dissociate the rigor state crossbridges (nucleotide-free myosin heads) which occur upon release of ADP from force generating states in the cross-bridge cycle (17, 21, 36) . The binding of ADP, preventing cross-bridge dissociation, in vivo, would be expected to increase tension and decrease ATP utilization rate. In general, as discussed in the introduction, experimental studies have confirmed these predictions as do the results presented here. The measurements described here have explored the effects of the competition of ATP with an ADP analog over a wider range of concentrations of both nucleotides, allowing us to show that the ADP analog is a pure competitor with ATP and to determine how this competition changes with changing conditions. In particular we address the question of the role of ADP in muscle fatigue. Finally we present a model that describes nucleotide competition in isometric fibers.
Muscle properties at pH 7. The current results support and extend the results of a number of previous investigations all of which showed that increased [ADP] potentiates
isometric tension (8, 13, 27, 29, 30, 40, 23) . In most of these investigations high concentrations of ADP competed against high concentrations of ATP in the absence of an ATP regenerating system. We have advanced these observations by showing that this effect is also seen over a wider range of nucleotide concentrations, including more physiological (lower) concentrations of ADP. The potentiation of tension measured here at these lower ADP concentrations is in rough agreement with that seen earlier when the concentrations are extrapolated to the higher values previously used. We are in agreement with one study that showed that at high levels of ATP, low levels of ADP have little or no effect (4). We also agree with a study where addition of 0.7 mM ADP resulted in ~ 7% force increase (23) . In the present study, the ATPase activity of isometric myofibrils was inhibited by SL-ADP. The values for K m for ATP and for K i , of 29 µM and 240 µM at pH 7, are both slightly higher than those observed by Sleep and co-workers, using ADP instead of SL-ADP, K m = 17 µM and K I = 170 µM (22, 39) .
The effects of lower pH and/or increased P i . At pH 6, a pH that is approached during severe fatigue, there was a decrement in tension relative to that found at pH 7 of approximately 50%, as it has previously been shown (5, 16, 23, 28, 31, 32) . The addition of SL-ADP produced the same absolute increase in fiber tension as was found at pH 7 (Table 1 or Fig. 2) , which a simple model, described below, could explain. K d app was about 2-3 fold higher, showing that SL-ADP competed more weakly with ATP, than at pH 7. We found that the weaker competition arises from tighter binding of ATP. At pH 6 we found a decrease in the value of K m to 4.8 ± 2 µM, however the value of K i remained the same (at 280 ± 50 µM), indicating that ATP bound more tightly to myosin at the lower pH, while SL-ADP bound about the same. No previous study has explored the effects of pH on nucleotide binding in fibers, and the tighter binding of ATP at the lower pH could have important implications for fatigue.
An increase in P i at pH 7 lowered tension to about the same level as achieved at pH 6, but P i also decreased the absolute increment in tension, P', produced by SL-ADP.
Addition of P i increased the value of K d app , indicating that SL-ADP competed more weakly with ATP at the higher P i . This could be due to a direct competition between SL-ADP and P i for the active site of myosin. Previous work has shown a weak competition between ATP and P i (35) . measured in whole muscle using NMR or biopsy homogenates, (12, 20) . Both of these methods produce an average value of each nucleotide distributed throughout the fiber and in many different fibers that may not be equally activated or equally fatigued.
Recent analyses by one of us of single human muscle fibers using maximal intensity exercise (25, 26) , have shown a large variability in nucleotide content of the different fiber types at rest and post-exercise; with much lower levels of ATP and near depletion of PCr in some post-exercise fast fiber fragments. Moreover, it has been calculated that ADP could rise to as high as 3.0 mM during contraction, when the PCr store is depleted (43) . Our measurements show that if myofibrillar ADP reached 1 mM with 3 mM ATP, the effect would be an approximately further 2-fold increase in force to about 8% at either pH 7 or pH 6. Although an increase in the ADP concentration may increase the tension economy by potentiating tension and inhibiting the ATPase activity, the effect on the tension, described above will still be modest, and the effect on ATPase activity will be even smaller. Thus another mechanism must also operate to produce the two-fold increase in tension economy seen in vivo fatigue (9, 10).
Modeling cross-bridge kinetics. Force and ATPase activity in isometric fibers as a function of ATP and SL-ADP were analyzed using a simple model to determine values for the relevant kinetic parameters governing the binding of nucleotides in the fiber, (Fig.   5 ). Cross-bridges are assumed to be in one of 4 states, described in Figure 5 . The effect of SL-ADP is to increase the rate of the transition from the rigor state, 4, back into state 3. As the concentration of SL-ADP increases, the proportion of cross-bridges in state 4 decreases, effectively decreasing the rate of ATP binding by decreasing the concentration of state 4. The effect of increasing the rate of this transition will be to increase force, and inhibit the ATPase activity, as observed. The model allows us to quantify these phenomena and to draw connections between force and ATPase activity.
The goal of the model was to explain both the isometric force and the ATPase activity with the same set of rate constants and with the measured affinity of SL-ADP for the rigor state. This goal was not easily obtained, and a number of models were investigated that were not able to fit the data. The fit to the data was much worse in the The model also explains the major features of the effect of SL-ADP on fiber tension. As [ATP] increases the concentration of SL-ADP required to achieve half of the force potentiation, K d app , also increases ( Table 1) . As shown in Figure 6 , When the pH is decreased from seven to six, tension decreases by more than half.
This could be due to a decrease in the force generated per cross-bridge or it could be due to a decrease in the population of force generating cross-bridges. Measurements of fiber stiffness, which also decreases, suggest the latter possibility. This can be µM, but underestimates the value at 50 µM. The model predicts that the ATPase activity will be inhibited by SL-ADP following approximately competitive behavior with a K i of 140 µM at pH 7. This is lower than that observed here for SL-ADP, 240 µM, but is not far from that previously observed for ADP (170 µM) by Sleep and Glyn (39) .
Addition of phosphate (P i ) also decreases force production, but in contrast to a change in pH, the value of P' is also decreased. Higher P i concentrations lower the free energy available from the hydrolysis of ATP and thus lower the free energy available to generate isometric force see (35) for review. The decrease in fiber force in our model is thus attributed to a lower force generated in states 2 and 3. With this assumption the values of P' are decreased by the same relative amount as did P 0 , which is more than is observed, see Figure 3 . The difference between model and data shows that the effect of P i is more complex than can be explained with this simple model.
The assumption in our model that cross-bridges can back up from the end to the beginning of the power stroke has not been considered in most previous models, but there is some evidence supporting it ( force and ATPase activity, as described in the Methods. The constant value of P', the force increase at saturating SL-ADP, could be fit by assuming that the reverse transitions between states 1 to 4 were fast, allowing the force generating states to "effectively equilibrate" with the pre-force state The model was analyzed using Berkeley Madonna, as described in Methods. 
